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Abstract. In this work, a methodology of statistical 
channel modeling for 60 GHz WLAN systems is proposed 
and a channel model for the office conference room envi-
ronment is developed. The proposed methodology takes 
into account the most important properties of the indoor 
60 GHz propagation channel such as large propagation 
loss and necessity to use steerable directional antennas by 
the WLAN stations, quasi-optical propagation nature, 
clustering structure of the channel, and significant impact 
of the polarization characteristics. A general mathematical 
structure of the channel model that supports all the de-
scribed 60 GHz propagation channel properties is sug-
gested. Then the conference room scenario for 60 GHz 
WLAN systems is introduced. Development of the inter 
cluster, intra cluster, and polarization impact modeling 
parameters is considered in details first explaining the 
used methodology for each channel modeling aspect and 
then followed by its application to the conference room 
scenario. The raw data for the channel model development 
include the experimental results [1], [2] and ray-tracing 
simulations for the conference room scenario. The pro-
posed channel modeling methodology and the developed 
conference room channel model were adopted by the IEEE 
802.11ad committee for 60 GHz WLAN systems standardi-
zation. 
Keywords 
Statistical channel model, 60 GHz WLAN, IEEE 
802.11ad. 
1. Introduction 
Reliable channel models for 60 GHz Wireless Local 
Area Network (WLAN) systems are necessary to support 
rapid development, standardization, and introduction into 
the service of the millimeter-wave WLANs. 
Generally, development of a channel model relies on 
experimental investigations of the corresponding propaga-
tion environments with taking into account foreseen prop-
erties of the wireless communication system.  
The increase of the carrier frequency of 60 GHz 
WLANs in more than 10 times in comparison with 
2.4 GHz and 5 GHz legacy WLAN systems resulted in 
qualitative changes in the signal propagation properties. 
Characteristics of the channel have essential implications 
for 60 GHz WLAN design and experimental investigations 
of 60 GHz indoor propagation channels [1]-[3] have 
revealed several such important properties. 
First, small wavelength of the 60 GHz band results in 
significantly larger propagation loss according the Friis 
transmission equation. As a consequence, high directional 
transmit and receive antennas have to be used to compen-
sate for the larger propagation loss to sustain operation 
over typical WLAN distances of up to several tens of me-
ters. Support for mobile and nomadic systems requires the 
antennas to be electronically steerable. Hence, the channel 
model should take into account spatial (angular) coordi-
nates of the channel rays at the transmit and receive sides 
and also support application of any type of the antenna 
technology (i.e. non-steerable antennas, sector-switching 
antennas, antenna arrays). 
Second, as confirmed by [1], [3], the 60 GHz pro-
pagation channel has a quasi-optical nature. The propaga-
tion due to diffraction is not significant and not practically 
viable. Most of the transmission power is propagated be-
tween the transmitter and the receiver through the Line-Of-
Sight (LOS) and low-order reflected paths. To establish 
a communication link, the steerable directional antennas 
have to be pointed along the LOS path (if available) or one 
of the reflected paths. An additional consequence of the 
quasi-optical propagation nature is that image based ray-
tracing can be an effective means for prediction of spatial 
and temporal analysis of the channel paths and may be 
used to assist the channel modeling. 
Third, it should be noted that with ideal reflections, 
each propagation path would include only a single ray. 
However, as demonstrated by experimental investigations 
[1], each reflected path actually consists of a number of 
410 A. MALTSEV, R. MASLENNIKOV, A. LOMAYEV, ET AL., STATISTICAL CHANNEL MODEL FOR 60 GHZ WLAN SYSTEMS … 
rays closely spaced to each other in the time and angular 
domains due to fine structure of the reflecting surfaces. 
Hence, the clustering approach [5] is directly applicable to 
channel models for 60 GHz indoor WLAN systems with 
each cluster corresponding to the LOS or Non-Line-Of-
Sight (NLOS) reflected path.  
Fourth, another important aspect of the 60 GHz 
propagation that should be adequately taken into account in 
the channel modeling is polarization characteristics. As 
demonstrated by experimental studies with 60 GHz WLAN 
prototypes [1], [2], the power degradation due to polariza-
tion characteristics mismatch between the antennas and the 
channel can be as high as 10-20 dB. The physical reason 
for high polarization impact is that with application of high 
directional steerable antennas typically only a single LOS 
or NLOS path will be essentially used for signal transmis-
sion and even NLOS signals remain strongly polarized at 
the receiver. 
In this work, a methodology for development of 
a channel model for 60 GHz WLAN systems that takes into 
account all the above characteristics of the indoor milli-
meter-wave channel is proposed and the channel model for 
the conference room scenario is developed. Section 2 intro-
duces a general mathematical structure of the model suita-
ble for support of all the model properties. The conference 
room scenario is described in section 3. Section 4 proposes 
a methodology for modeling inter cluster parameters of the 
channel and then section 5 derives the inter cluster parame-
ters for the conference room channel model. The polariza-
tion impact modeling approach is explained in section 6 
and section 7 applies the approach to the polarization ef-
fects modeling in the conference room scenario. The intra 
cluster parameters of the conference room channel model 
are described in section 8. Section 9 concludes the paper. 
2. General Mathematical Structure of 
Statistical Channel Model 
The proposed general mathematical structure of the 
channel model is given by equation (1). In (1), h is the 
generated channel impulse response; t, tx, tx, rx, rx are 
the time and azimuth and elevation angles at the transmitter 
and receiver, respectively. The channel impulse response h 
is a sum of multiple channel clusters. H(i) is a 2x2 matrix 
gain of the i-th cluster describing its polarization charac-
teristics (as explained in section 6) and C(i) is the channel 
impulse response for the i-th cluster. ( )- is the Dirac delta 
function. T(i), tx(i), tx(i), rx(i), rx(i) are the time-angular 
coordinates of the i-th cluster. (i,k) is the amplitude of the 
k-th ray of the i-th cluster (i,k), tx(i,k), tx(i,k), rx(i,k), rx(i,k)  
are relative time-angular coordinates of the k-th ray of the 
i-th cluster. Time, angular, and amplitude positions of the 
clusters are defined in the absolute coordinate systems, 
associated with the mutual transmitter and receiver loca-
tion. Positions of individual rays inside the cluster are 
calculated relative to the coordinates of the cluster. 
Based on experimental results and theoretical analysis 
of the phenomenon, the polarization characteristics of the 
model were introduced at the cluster level, assuming that 
all rays comprising one cluster have (approximately) the 
same polarization characteristics. 
It may be seen that the structure of the channel model 
(1) allows meeting all the requirements discussed in the 
introduction. The clustering structure of the channel and 
the polarization characteristics modeling are supported and 
any kind of the antenna technology (including antennas 
arrays and sectorized antennas) can be used with the chan-
nel model.  
3. Conference Room Scenario 
Communications in a conference room constitute 
a typical scenario for 60 GHz WLAN systems deployment 
in the office environment. This scenario was considered for 
experimental measurements described in [1], [2], which 
were performed in the conference room with dimensions  
3 m x 4.5 m x 3 m (W x L x H). Those measurements 
provided the data for the development of the statistical 
conference room channel model described in this work. 
The 3D model of the scenario is shown in Fig. 1. This 
model corresponds to the experimental setup of [1], [2], 
and was also used for ray-tracing simulations performed to 
support the channel model development. The two stations 
located on the table in the middle of the conference room 
are communicating to each other using either LOS or first 
and second reflected propagation paths. The distribution of 
the stations locations over the table surface is uniform. 
Averaging over different locations is used to derive a sta-
tistical channel model where only the distance between the 
stations is kept as a model input parameter. The distance is 
used to define the LOS ray time-of-arrival and attenuation 
and then also indirectly impacts the characteristics of the 
NLOS rays that are calculated relative to the LOS ray co-
ordinates. The LOS (with all clusters potentially available) 
and NLOS (with the LOS ray being blocked) subscenarios 
are supported by the channel model. 
The conference room scenario as described in this 
section was adopted by the IEEE 802.11ad standardization 
committee as a mandatory scenario for candidate 60 GHz 
WLAN systems evaluation [4], [6]. 
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Fig. 1. 3D model of the conference room. 
4. Inter Cluster Parameters Modeling 
Methodology 
As explained in the introduction, the clustering 
approach is naturally applicable to 60 GHz indoor channel 
modeling and different clusters of the channel correspond 
to different LOS and low-order reflections propagation 
paths. In the proposed approach, inter cluster parameters 
(positions of the clusters in the temporal and spatial do-
mains) are modeled statistically. Statistical models need to 
be developed for every inter cluster parameter.  
Derivation of the statistical models may be based di-
rectly on the results of experiments. However, it is proved 
by experimental measurements [1], [3], that space-time 
positions of different clusters for the 60 GHz indoor radio 
channel can be accurately predicted using ray-tracing 
simulations. (The RMS deviation of the clusters measured 
and predicted angular coordinates is below 100 [1]). Hence, 
given that the amount of experimental data is usually lim-
ited, ray-tracing techniques may be used to generate the 
inter cluster characteristics (clusters time of arrival, azi-
muth and elevation angles of arrival and departure) for the 
channel model. This approach was adopted in the devel-
oped methodology. Ray-tracing simulations were per-
formed for the considered environments and then results of 
the simulations were processed to develop statistical mod-
els for different inter cluster parameters. Exploitation of 
ray-tracing approach allows for significant increase in 
available channel clusters realizations. For example, in the 
conference room channel model considered in this paper, 
the application of ray tracing approach allowed to increase 
the number of channel realizations from 15 experimental 
realizations (each requiring exhaustive 4-dimensional 
scanning with directional antennas in the azimuth and ele-
vation angle planes of the transmitter and receiver [1]) to 
100 000 simulated ray-tracing realizations.  
Another important property of the inter cluster 
parameters following from the quasi-optical type of the  
propagation is that for a considered environment, a set of 
the available clusters may usually be divided into several 
groups with clusters from different groups having essen-
tially different properties. For example, in the considered 
conference room scenario, there may be five first order 
reflected clusters for a pair of the transmitter and receiver – 
four first-order reflections from walls and a single cluster 
reflected from the ceiling. (The reflection from the floor is 
blocked by the table). The clusters reflected from walls will 
have essentially different distributions of inter cluster 
parameters than the cluster reflected from the ceiling and 
this has to be taken into account in the channel modeling. It 
should be noted that parameters of clusters within one 
group may statistically depend on each other and should be 
generated jointly. Real environments may have much more 
complicated structure of the clusters. However, it is still 
possible to define groups of clusters with essentially differ-
ent parameters and develop statistical models of the inter 
cluster parameters separately for each group of clusters. 
The proposed channel model development methodology 
uses this approach as illustrated for the conference room 
channel model below. 
Except for the spatial and temporal parameters, statis-
tical models for the gain of the clusters have to be intro-
duced to complete the inter cluster parameters definition. 
In the proposed channel modeling methodology, the gain 
of LOS clusters is calculated deterministically by the Friis 
transmission equation using the separation distance be-
tween the transmitter and receiver as a parameter. 
For the NLOS clusters, the gain is calculated as the 
propagation loss along the corresponding NLOS path (the 
distance of the path may be obtained with the help of ray-
tracing) and an additional loss due to reflection. The re-
flection loss cannot be predicted by the ray-tracing and 
a statistical model for the reflection loss has to be defined 
from experimental data. 
In addition, the gain of the clusters is impacted by 
polarization characteristics of the channel and antennas. In 
this work, the polarization characteristics of the propaga-
tion are modeled at the cluster level and may be generally 
considered as part of the inter cluster parameters. However, 
the developed methodology for polarization characteristics 
modeling is treated separately in section 6 of the paper. 
Concluding the inter cluster parameters modeling 
methodology section, it should be noted that not all the 
clusters present in an empty conference room may be 
available at each moment, some of the clusters in the 
scenario may be blocked by moving, standing, and sitting 
people or some other obstacles. This effect can also be 
accounted in the channel modeling by introduction of 
either static (at the duration of a channel drop) or dynamic 
cluster blockage effects. However, the cluster blockage 
modeling methodology is a separate problem and is not 
considered in details in this work. The methodology appro-
priate to be used with the conference room channel model 
can be found in [7], [8]. 
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5. Inter Cluster Parameters for 
Conference Room Channel Model 
5.1 Inter Cluster Structure for Conference 
Room Scenario  
A ray tracing model of the conference room was used 
to generate multiple realizations of the LOS and first and 
second order reflected clusters to investigate the inter 
cluster structure for the considered environment. As a re-
sult of the inter cluster structure analysis, all the clusters 
were divided into the five groups (as given by Tab. 1), 
where clusters in the same group have similar properties. 
 
Type of clusters Number of clusters 
LOS path 1 
First order reflections from walls 4 
Second order reflections from two 
walls 
8 
First order reflection from ceiling 1 
Second order reflections from the 
walls and ceiling 
4 
Tab. 1.  Inter cluster structure of the conference room channel 
model. 
The five groups of clusters defined for the considered 
scenario include: the LOS ray, first order reflections from 
walls, first order reflections from ceiling, second order 
reflections from walls, and second order reflections from 
walls and ceiling. The reflections from the floor are not 
taken into account as they are assumed to be blocked by 
the table. As explained in the methodology description 
above, different statistical models need to be used for dif-
ferent groups of clusters to enhance the accuracy of the 
channel model. 
5.2 LOS Ray 
LOS cluster consists of a single ray with the gain 
calculated by the Friis transmission equation. The LOS 
cluster has zero transmit and receive azimuth and elevation 
angles and also zero Time-Of-Arrival (ToA). Transmit and 
receive elevation and azimuth angles, as well as ToAs for 
other clusters, are defined relatively to the LOS path.  
5.3 Time of Arrival Distribution for Different 
NLOS Clusters 
Time-Of-Arrival (ToA) of different clusters is calcu-
lated relatively to the LOS path ToA. Empirical distribu-
tions of the ToA for different cluster groups were calcu-
lated with the help of ray-tracing simulations. Then piece-
wise linear approximations of the empirical probability 
density functions (PDFs) were used to develop statistical 
models for the ToA parameters. The empirical PDF 
obtained from the ray-tracing simulations and the 
developed approximations of the ToA distributions are 
shown for the four groups of the NLOS clusters in Fig. 2. 
 
Fig. 2. ToA distributions obtained from the ray-tracing simu-
lations (solid curve) and piece-wise linear approxima-
tions used in the conference room channel model 
(dashed curves). 
5.4 Angular Characteristics of First Order 
Reflections from Walls 
Empirical distributions of the angles of departure 
(AoD) and arrival (AoA) for all cluster groups were gener-
ated also with the help of ray-tracing simulations. After 
that simple linear approximations of the PDFs for the azi-
muth and elevation angles of departure and arrival were 
used. 
For each channel realization, there are always four 
clusters corresponding to four first order reflections from 
the walls (one reflection per wall). An example of four 
clusters corresponding to the first order reflections from 
walls is shown in Fig. 3. 
 
Fig. 3. Example of four clusters corresponding to the first 
order reflections from walls. 
Preliminary analysis revealed that there are a number 
of properties for this type of clusters following from the 
geometry that should be taken into account in the channel 
model. For instance, the elevation angles for all the four 
RADIOENGINEERING, VOL. 20, NO. 2, JUNE 2011 413 
clusters are zero (transmitter and receiver are placed at the 
same height). Also there is dependence between azimuth 
angles of the clusters. Two clusters always have positive 
AoDs and negative AoAs (relatively to the LOS direction) 
and the other two clusters have negative AoDs and positive 
AoAs. Moreover, there is dependence between azimuth 
angles for the two clusters inside each pair (clusters A and 
B in Fig. 3.). As a result, a procedure for joint generation 
of the azimuth angles for clusters A and B with the same 
sign (positive or negative) was developed. The joint 2D 
distribution of such pairs of angles was calculated with the 
help of ray-tracing and plotted in Fig. 4.  
 
Fig. 4. Joint 2D distribution (histogram) of the azimuth angles 
with the same sign for two clusters corresponding to 
the first order reflections from the walls. 
As it follows from the histogram in Fig. 4, it is not 
a uniform distribution and some pairs of angles have 
greater probability than others. For the sake of simplicity, 
ray-tracing distributions were approximated in the model 
by uniformly distributed pairs of angles in trapezoidal areas 
1 and 2 as shown in Fig. 5.  
Trapezoidal 
area 1
Trapezoidal 
area 2
 
Fig. 5. Approximation of the joint 2D distribution of azimuth 
angles with the same sign for two clusters corre-
sponding to the first order reflections. The 2D PDFs 
are uniform in the specified trapezoidal areas. 
AoDs and AoAs in each pair of clusters are generated 
independently only taking into account that the AoD with 
smaller absolute value corresponds to the AoA with greater 
absolute value and the AoD with greater absolute value 
corresponds to the AoA with smaller absolute value. 
The details of the generation procedure for the 
azimuth angles and rigorous mathematical equations are 
given in [4]. 
5.5 Angular Characteristics for First Order 
Reflections from Ceiling 
A single cluster corresponding to the first order re-
flection from the ceiling takes into account the properties 
that the azimuth AoD and AoA are equal to zero and that 
the elevation AoD and AoA are equal to each other. The 
distribution of the elevation angle obtained with the help of 
ray-tracing and a linear approximation for the PDF used in 
the conference room channel model are shown in Fig. 6. 
5.6 Angular Characteristics for Second Order 
Reflections from Walls and Ceiling 
Statistical models for inter cluster parameters of the 
second order reflections from the walls and second order 
reflections from the walls and ceiling were derived in the 
same manner with the help of the proposed methodology 
(see [4] for more details). 
As it was verified from ray-tracing simulations 
second order clusters reflected from walls and ceiling have 
the following angular properties: 
 There are in total four clusters corresponding to the 
reflections from a wall and then ceiling or from ceil-
ing and then a wall (depends on the relative positions 
of transmitter and receiver).  
 There is exactly one reflection per each wall (either 
the wall and then ceiling or ceiling and then the wall). 
 The azimuth AoD and AoA of these clusters are equal 
to the azimuth angles generated for the first order re-
flections from walls described in section 5.4. 
 The elevation AoD and AoA are equal to each other 
as for the first order reflections from the ceiling. The 
empirical ray-tracing PDFs and channel model ap-
proximations are shown in Fig. 6. 
5.7 Angular Characteristics for Second Order 
Reflections from Walls 
This group of clusters has the following angular 
characteristics verified by ray-tracing simulations: 
 There are in total eight clusters corresponding to the 
second order reflections from walls. 
 These clusters have zero elevation AoD and AoA 
(transmitter and receiver are placed at the same 
height). 
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 The azimuth AoA for the cluster of this group is 
either equal to the AoD (for reflection from two 
parallel walls) or AoD +/- 1800 (for reflection from 
two perpendicular walls). 
 
Fig. 6. Empirical ray-tracing PDFs and channel model ap-
proximations for elevation angles of first order reflec-
tions from ceiling and second order reflections from 
walls and ceiling. 
The joint 2D distribution (histogram) for the azimuth 
AoD and AoA obtained with the help of ray-tracing simu-
lations is plotted in Fig. 7. At first, this histogram shows 
that there are in total four different regions in joint distri-
bution of azimuth AoD and AoA angels. It was verified 
that there are always two clusters pertained to each region. 
At second, it is not a uniform distribution and some pairs 
of AoD and AoA angles are more probable than other. 
In order to keep the channel model complexity at a 
reasonable level, the azimuth AoD is generated using uni-
form distributions in the range of [-1800, 00] for the regions 
#1, #2 and [00, 1800] for the regions #3, #4. The azimuth 
AoA coincides with AoD for the regions #2 and #3, or 
equal to AoD + 1800 for the region #1 and AoD – 1800 for 
the region #4. The details of the generation procedure for 
the azimuth angles are provided in [4]. 
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Fig. 7. Joint 2D distribution (histogram) for the azimuth AoD 
and AoA angles for second order wall reflections. 
5.8 Gain of Clusters 
Gain of the LOS cluster is calculated as free space 
attenuation over the corresponding signal propagation path 
in accordance with Friis transmission equation: 
 GLOS = λ/(4πd) (2) 
where λ is a wavelength (5 mm) and d is the distance be-
tween transmitter and receiver.  
Gain of NLOS clusters takes into account attenuation 
due to propagation and additional attenuation due to 
reflection loss: 
 GNLOS = gλ/(4π(d+R)), R = ct (3) 
where g is a reflection loss coefficient, R is equal to the 
product of the NLOS ToA relatively to the LOS ToA 
obtained from distributions shown in Fig. 2 and the speed 
of light c. 
Statistical models for the reflection loss coefficients 
for the first and second order reflections are taken as 
truncated log-normal distributions approximated the 
experimental distributions measured in [1]. 
The reflection loss truncated log-normal distribution 
for the first order reflections has the mean value of -10 dB, 
the RMS deviation of 4 dB, and the truncation level of -
2 dB. Fig. 8 shows a histogram of the measured reflection 
loss distribution for the first order reflections and the corre-
sponding approximation with the truncated log-normal 
distribution. 
 
Fig. 8. Histogram of measured reflection loss distribution for 
the first order reflections and the corresponding ap-
proximation with the truncated log-normal distribution 
used in the channel model. 
The reflection loss truncated log-normal distribution 
for the second order reflections has the mean value of -
16 dB, the RMS deviation of 5 dB, and the truncation level 
of -2 dB. Fig. 9 shows a histogram of the measured 
reflection loss distribution for the second order reflections 
and the corresponding approximation with the truncated 
log-normal distribution. 
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Fig. 9. Histogram of the measured reflection loss distribution 
for the second order reflections and the corresponding 
approximation with the truncated log-normal distribu-
tion used in the channel model. 
6. Polarization Characteristics 
Modeling Methodology 
Unlike the legacy 2.4 GHz and 5 GHz WLAN sys-
tems, where polarization characteristics are sometimes 
omitted in the channel modeling with the assumption of 
some moderate degradation due to polarization mismatch, 
60 GHz WLAN channel models require a detailed support 
of polarization characteristics of the antennas and the 
channel since the degradation due to polarization charac-
teristics mismatch can be as large as 10-20 dB [2]. 
To develop the polarization impact modeling method-
ology, first, the description of the antenna polarization 
properties should be introduced. In the far field zone of the 
EM field radiated by the antenna, the electric vector E is 
a function of the radiation direction (defined by the azi-
muth angle  and elevation angle  in the reference coor-
dinate system) and decreases as r-1 with increase of the 
distance r. An illustration of the transmitted E vector in the 
far field zone is shown in Fig. 10. 
E
E
r
k
 
Fig. 10. Transmitted E vector in the far field zone. 
Vector E is perpendicular to the propagation direction 
k and can be decomposed into two orthogonal components: 
E and Eφ that belong to the planes of constant φ and con-
stant  angles respectively. Knowledge of E and Eφ of the 
radiated signal (which may be functions of φ and ) fully 
describes polarization characteristics of the antenna in the 
far field zone.  
With the selected E field bases (E and Eφ compo-
nents) for the TX and RX antennas, the polarization char-
acteristics of each ray of the propagation channel may be 
described by a channel polarization matrix H. In this case, 
the transmission equation for a single ray channel may be 
written as: 
 xy TX
H
RX Hee  (4) 
where x and y are the transmitted and received signals, eTX 
and eRX are the polarization vectors (composed of the nor-
malized E and Eφ components) for the TX and RX anten-
nas respectively. Components of polarization matrix H 
define gain coefficients between the E and Eφ components 
at the TX and RX antennas. 
For the LOS signal path, matrix HLOS is close to the 
identity matrix (non-diagonal components may be non-zero 
but significantly smaller than diagonal elements) multiplied 
by the corresponding gain coefficient due to path loss. The 
LOS propagation does not change polarization characteris-
tics of the signals. However, polarization changes upon the 
reflection as predicted by the Fresnel laws [9]. Since differ-
ent clusters of the channel model correspond to different 
LOS or NLOS reflected paths and the polarization changes 
only at the reflections, the rays within one cluster are 
expected to have similar polarization characteristics. For 
this reason, the polarization impact was modeled at the 
cluster level with all rays inside one cluster having the 
same polarization properties.  
It is known that reflection coefficients are different 
for the E field components parallel and perpendicular to 
the plane of incidence and depend on the incident angle. 
Theoretical coupling between parallel and perpendicular 
components of the reflected signal is zero for plane media 
interfaces (boundaries). But due to non-idealities (rough-
ness) of the surfaces some coupling always exists in real 
channels. 
An example of a first order reflected signal path is 
shown in Fig. 11. 
The polarization matrix for the first order reflected 
signal path may be found as a product of the matrix that 
rotates E vector components from the coordinate system 
associated with the TX antenna to the coordinate system 
associated with the incident plane. Next, reflection matrix 
R with reflection coefficients and cross-polarization cou-
pling coefficients is applied, followed by a rotation to the 
coordinate system associated with the RX antenna. Thus, 
the channel propagation matrix for the case of the first 
order reflected signals may be defined as given by (5).  
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Incident angle inc and rotation angle tx are introduced in 
(5) as shown in Fig. 11. Rotation angle rx is introduced at 
the receiver in a similar way as tx, at the transmitter. The 
reflection matrix R includes the reflection coefficients R 
and R|| for the perpendicular and parallel components of the 
electric field E  and E || respectively. Elements 1 and 2 in 
the matrix R are cross-polarization coupling coefficients. 
Equation (5) demonstrates that there are generally two 
mechanisms for depolarization (coupling between orthogo-
nal components of the E vector at the TX and RX sides). 
These are reflection coupling (coupling between parallel 
and perpendicular E vector components at the reflection) 
and geometrical coupling (coupling because of the differ-
ent relative orientations of the TX and RX antennas). It 
may be seen that the proposed approach allows accounting 
for both mechanisms to create an accurate polarization 
impact model.  
Equation (5) can be generalized for the case of the 
second order reflections (see [4], [10] for details). 
E En
inc
tx
k

 
Fig. 11. First order reflected signal path. 
To develop statistical models for H, ray-tracing 
simulations with support of polarization characteristics are 
used. Ray-tracing simulations directly account for geomet-
rical depolarization effects associated with different orien-
tations of the transmitter and the receiver polarization bases 
relative to each other and to the reflecting surfaces. Ray-
tracing simulations predict incident angle inc, rotation 
angle tx, and rotation angle rx and may capture statistics 
for the mentioned angles over different relative transmitter 
and receiver positions. Ray-tracing simulations may also 
account for cross polarization coupling at the reflection but 
an adequate experimental based or theoretical model of the 
reflection matrix R should be provided. 
A detailed description of the proposed polarization 
modeling methodology is given in [4] and [10]. The work 
[11] provides results of verification of the model versus 
experimental data. 
7. Support of Polarization Character-
istics in Conference Room Channel 
Model 
7.1 Statistical Model for Reflection Matrix 
The previous section describes the approach that is 
proposed for developing polarization impact model. In this 
approach, the ray-tracing simulations accounting for po-
larization impact are used to generate empirical distribu-
tions of cluster polarization matrices and these distributions 
are then approximated to create statistical models. How-
ever, an unsolved problem from the previous section is 
how to define coefficients of the reflection matrix R 
(needed to simulate reflections in ray-tracing): 
 

 
||2
1
R
R


R . (6) 
One approach is to use dependences for R and R|| 
reflection coefficients on the incident angle predicted by 
the Fresnel theoretical laws for the flat interface between 
the regions with refraction indexes n1 and n2. Equations for 
the perpendicular and parallel coefficients are given by: 
   inc
incR 



0
0
sin
sin ,   0
0
|| 



inc
inc
tg
tgR  (7) 
where inc is an incident angle and 0 is a function of inc, 
n1, and n2: 
  


  incn
n  sinarcsin
2
1
0
. (8) 
Fig. 12 shows the reflection coefficients dependence 
on the incident angle calculated with the Fresnel formulas 
for n1 = 1 and n2 = 1.8. The value of the refraction index 
n2 = 1.8 corresponds to the plasterboard, which is one of 
the most widely used office materials. 
The absolute value of the R constantly grows with 
the increase of the incident angle and is equal to the unity 
at the grazing incidence. However, the absolute value of 
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the R|| first decreases with the increase of the incident angle 
and after achieving the incident angle 0 (for the given 
case 0 = 61°) the absolute value of the reflection 
coefficient starts growing and is equal to the unity at the 
grazing incidence. 
 
Fig. 12. Reflection coefficients dependence on the incident 
angle calculated with the Fresnel formulas for n1 = 1 
and n2 = 1.8. 
But, as it was shown from real experimental meas-
urements, dependences predicted by the Fresnel theoretical 
laws do not agree well with the measurements results. 
Experimental investigations of the reflection coefficients 
versus the incident angle may be found, for example, in 
[12], where measurements results for typical office sur-
faces (walls and ceiling) are presented. Since most of the 
office structures are not uniform (but composed of multiple 
material layers with different refractive indices), the 
experimental reflection coefficients have more complex 
dependence of the absolute value versus the incident angle 
than it is predicted by the Fresnel laws for a flat boundary 
of uniform media.  
Taking the considerations above into account, the 
statistical models for the absolute values of the R and R|| 
coefficients were proposed to be independent of the inci-
dent angle. The R and R|| coefficients were generated using 
truncated log-normal distribution with the mean equal to -
10 dB, the RMS deviation equal to 4 dB, and the truncation 
level of -2 dB (the same distribution is used for clusters 
gain modeling in section 5.8). The motivation for using the 
same statistical law is that the distribution for the clusters 
gain is based on empirical data of cluster gains averaged 
over the first order reflections from the walls and ceiling in 
the conference room [1]. The measurements were done 
using antennas with linear horizontal polarizations. The 
geometry of the transmitter and receiver placement in the 
measurement setup for the considered conference room 
scenario is such that for the first order reflections from 
walls, elevation angles of departure and arrival are equal to 
zero, and for the first order reflections from ceiling the 
azimuth angles of departure and arrival are equal to zero. 
As a result, the measured cluster gain values for these cases 
are directly realizations of the R and R|| coefficients (the 
rotation matrices of (5) are the identity matrices for these 
cases). Therefore, the model used to describe the cluster 
gain values can be used to generate realizations of the 
absolute values of the reflection coefficients R and R||. 
As it follows from the considerations above, the 
absolute values R and R|| are generated as independent sta-
tistical variables. This assumption is not quite correct for 
Fresnel laws but is reasonable when considering experi-
mental dependencies for real surfaces (e.g., [12]). How-
ever, both the Fresnel laws and the experimental data dem-
onstrate that handedness of a circularly polarized reflected 
signal is changed for the incident angles below the 0 angle 
and does not change for the incident angles above the 0 
angle. This happens because for the incidence angles below 
0, the phase of the parallel E field component is changed 
by . This phase shift is responsible for the change of the 
circular polarization handedness upon reflection at the 
incident angles below 0. This dependence has to be ad-
dressed in the channel modeling methodology to be able 
predict valid polarization impact results. In order to take 
this effect into account, the signs of the reflection coeffi-
cients R and R|| were generated in the ray-tracing model as 
the signs of the reflection coefficient provided by the Fres-
nel laws for the given incident angle inc and n1 = 1 and n2 
= 1.8 (plasterboard). After performing multiple ray-tracing 
experiments, the probabilities for the coefficients R and R|| 
to have different combinations of the arithmetic signs were 
calculated and further used in the development of the sta-
tistical models for the polarization matrix H. 
Cross-coupling coefficients 1 and 2 for the matrix R 
were modeled as random variables with a fixed absolute 
value of -20 dB and a random arithmetic sign. The absolute 
value of -20 dB was estimated from the experimental 
results presented in [2].  
All elements of the matrix H were generated inde-
pendently. No statistical dependencies between reflection 
coefficients R and R||, cross-polarization coupling coeffi-
cients 1 and 2, or between  and R were considered 
because of the relatively small impact provided by the 
cross-coupling coefficients. 
Statistical models for 2x2 polarization matrices H 
(from equation (1)) are developed in accordance with the 
proposed methodology for different types of clusters 
separately. 
7.2 Polarization Characteristics of LOS Ray 
Polarization characteristics of the LOS ray are 
modeled by the polarization matrix HLOS: 
 


1
1
2
1


LOSH . (9) 
The polarization characteristics of the signal are not 
altered by the free space propagation. However, in the 
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general case, the polarization matrix HLOS will be a rotation 
matrix of the transformation between the polarizations 
bases of the TX and RX antennas. In the conference room 
channel model, the polarization bases of the TX and RX 
antennas are the same and the rotation matrix is reduced to 
the identity matrix. Cross-coupling coefficients 1 and 2 
are taken with -20 dB absolute value and an equally prob-
able arithmetic sign. 
7.3 Polarization Characteristics for First 
Order Reflected Clusters 
Distributions of the polarization matrix H components 
for the first order reflections from walls and ceiling ob-
tained with the help of ray-tracing simulations are shown in 
Fig. 13 and Fig. 14 accordingly.  
As it follows from the distributions plotted in Fig. 13 
and Fig. 14, H11 and H22 matrix elements corresponding to 
reflection coefficients for the E and Eφ field components 
do not change the arithmetic sign. It means that for the 
considered conference room geometry and chosen area of 
possible transmitter and receiver positions there are no 
incident angles for the first order reflections exceeding the 
angle 0. 
H11 and H22 matrix components always have different 
signs. Physically it means that a circularly polarized signal 
always changes its handedness after reflection. For exam-
ple, the left hand circular polarization becomes the right 
hand circular polarization and vice versa. 
It is important to note that the diagonal elements H11 
and H22 of polarization matrix for the first order reflections 
from walls (see Fig. 13) interchange their places when 
compared with the same diagonal elements of the polariza-
tion matrix for the reflections from ceiling (Fig. 14). It is 
a consequence of the fact that incident plane is not the 
same in both cases. In the case of the reflections from 
walls, the incident plane is the horizontal plane. The elec-
tric field component E is perpendicular to the plane of 
incidence and the component Eφ is parallel (pertain to the 
incident plane). In the case of reflection from ceiling, the 
incident plane is the vertical one. In that case, the electric 
field component E becomes parallel (i.e. pertain to the 
incident plane) and the component Eφ becomes perpen-
dicular to the incidence plane. 
Due to geometrical properties of the first order 
reflections from walls (zero elevation angles of departure 
and arrival), rotation matrices in (5) reduce to the identity 
matrices and the polarization matrix H coincides with the 
reflection matrix R. There is no geometrical depolarization 
in this case. As a consequence, the models used to 
approximate the elements of H are the same as the models 
used to generate R. 
The distributions for |H11| and |H22| are truncated log-
normal distributions with the mean value of -10 dB, the 
RMS deviation of 4 dB, and the truncation level of -2 dB. 
H11 always has a negative sign and H22 always has a posi-
tive sign. Non-diagonal cross-coupling elements are two 
equally probable values ± 0.1 in linear scale (-20 dB in log 
scale). 
 
Fig. 13. Distributions of the polarization matrix H components 
for the first order reflections from walls. 
In the case of the reflection from the ceiling, H11 
always has a positive sign and H22 always has a negative 
sign. 
 
Fig. 14. Distributions of the polarization matrix H components 
for the first order reflection from ceiling. 
7.4 Polarization Characteristics for Second 
Order Reflected Clusters 
Distributions of the polarization matrix H components 
for the second order reflections from walls and ceiling and 
second order reflections from walls obtained with help of 
ray-tracing simulations are shown in Fig. 15 and Fig. 16 
accordingly. 
As it follows from the distributions shown in Fig. 15, 
H11 and H22 matrix components for the second order re-
flections from walls and ceiling do not change the arithme-
tic sign. It means that, as for the first order reflections, 
there are no incident angles exceeding the angle 0. How-
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ever, unlike the first order reflections, H11 and H22 have the 
same arithmetic sign. Therefore for this type of clusters 
circularly polarized signal does not change its handedness 
after reflection (or actually changes it twice at each of the 
two reflections). 
 
Fig 15. Distributions of the polarization matrix H components 
for the second order reflections from walls and ceiling. 
Solid curves show distributions obtained by ray-trac-
ing, dashed curves show proposed approximations. For 
the components H11, H22, the proposed approximations 
provide very close matching to the simulated distribu-
tions and the dashed curves are not plotted. 
Distributions for the H11 and H22 matrix components 
for the second order reflections from walls are plotted in 
Fig. 16. As it follows from the Fig. 16, H22 may be positive 
or negative with some non-zero probabilities. It means that 
for this type of clusters incident angle exceeds angle 0 
with some probability and a circularly polarized signal can 
change its handedness. 
 
Fig. 16. Distributions of the polarization matrix H components 
for the second order reflections from walls. Solid 
curves show distributions obtained by ray-tracing, 
dashed curves show proposed approximations. For the 
components H11, H22, the proposed approximations 
provide very close matching to the simulated distribu-
tions and dashed curves are not plotted. 
Distributions for the cross-polarization components 
H12 and H21 for the second order reflections obtained from 
ray-tracing simulations are not equally probable values 
±0.1 and have distributions shown in Fig. 15 and Fig. 16. 
For example, for the second order reflections from wall 
and then ceiling (or from ceiling and then wall) both geo-
metrical depolarization and depolarization at the reflection 
are present. As a result, it may be seen that channel coeffi-
cients between the cross-polarized E field vector compo-
nents at the transmitter and receiver are quite significant 
though essentially below the unity which corresponds to 
the maximum gain for the co-polarized components of the 
E vector. 
Statistical distributions of the absolute values of di-
agonal components for the second order reflections from 
walls and ceiling |H11| and |H22| are approximated by the 
truncated log-normal distributions with the mean value 
equal to -16 dB, the RMS deviation equal to 5 dB, and the 
truncation level of -2 dB. H11 and H22 have the same sign 
and are both negative. 
Statistical distributions of the cross-coupling compo-
nents H12 and H21 obtained from ray-tracing simulations are 
approximated by random variables, uniformly distributed 
in the [-0.1, 0.1] interval. 
Statistical distributions of the diagonal components 
for the second order reflections from walls are approxi-
mated as follows. The distribution for |H11| is a truncated 
log-normal distribution with the mean value equal to  
-16 dB, the RMS deviation equal to 5 dB, and the 
truncation level of -2 dB. H11 is always positive. The 
random variable H22 is given by: 
   2122 1 XpXpH   (10) 
where X1 and X2 have the same truncated log-normal dis-
tributions as for H11. p is a random variable taking value 1 
with probability 0.87 or 0 with the probability 0.13. 
Statistical distributions of the cross-coupling compo-
nents are the same as for the reflections from walls and 
ceiling. 
Distributions of the reflection coefficients for differ-
ent combinations of the transmitter and receiver polariza-
tions may be found in [4]. 
8. Intra Cluster Parameters for 
Conference Room Channel Model 
With perfect mirror reflections each cluster will con-
sist of exactly one ray. But taking into account the rough-
ness and heterogeneity of the surfaces as well as the pres-
ence of additional small different reflectors each cluster 
may include several rays closely spaced with each other in 
time and angular domains.  
60 GHz WLAN systems make use of highly direc-
tional antennas with narrow beamwidths (~200-300) at both 
the transmitter and the receiver to overcome the large 
propagation loss in this band. When the LOS path is pre-
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sent, the antennas should be steered along the LOS path for 
the maximum received signal power. For a NLOS envi-
ronment, transmitter and receiver apply a beamforming 
algorithm and steer their antennas toward the best reflected 
path (cluster) to establish the communication link. In such 
approach, the transmitter and receiver antennas filter out 
only one spatial cluster. Hence, the characteristics of the 
beamformed channel directly depend on the intra cluster 
parameters. Therefore, accurate modeling of the intra 
cluster distributions is very important for 60 GHz WLAN 
systems performance evaluation. 
Intra cluster parameters cannot be predicted using 
ray-tracing and the intra cluster structure should be derived 
from the measurement data. In the experimental measure-
ments, the identification of the individual rays composing 
the cluster should be done in both spatial (angular) and 
temporal domains. From the experimental measurements, it 
was estimated that the cluster angle dimension is equal to 
~5°-10° [13]. Hence, identification of the rays inside of the 
cluster in the angular domain requires high angular resolu-
tion that may be achieved by using directional antennas 
with very high gain or application of the “virtual antenna 
array” technique.  
For the conference room channel model, a simple 
model is used to describe the intra cluster angular parame-
ters. Intra cluster azimuth and elevation angles for both 
transmitter and receiver are modeled as independent nor-
mally distributed random variables with zero mean and 
RMS equal to 5°.  
The results of experimental measurements presented 
in [1], [14] were used to develop the statistical model for 
the intra cluster time domain distribution. The structure of 
the intra cluster time domain profile model is schematically 
shown in Fig. 17. As it follows from this figure, a cluster 
consists of the central ray (i,0) with fixed amplitude and 
pre-cursor (i,-Nf) ,…, (i,-1) and post-cursor rays (i,1) ,…, 
(i,-Nb). For the sake of simulation simplicity, the number of 
pre-cursor rays Nf and post-cursor rays Nb was derived 
from measurements and is fixed in the model as Nf = 6 and 
Nb = 8. 
 
Fig. 17. Structure of the intra cluster time domain profile. 
ToAs for the pre- and post-cursor rays are modeled as 
two independent Poisson processes with the arrival rates 
λf = 0.37 ns-1 and λb = 0.31 ns-1, respectively. 
The average amplitudes Af and Ab of the pre-cursor 
and post-cursor rays decay exponentially with power decay 
times f = 3.7 ns and b = 4.5 ns respectively: 
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The individual pre-cursor and post-cursor rays (i,k) 
have random uniformly distributed phases and Rayleigh 
distributed amplitudes with the average values Af and Ab. 
The amplitudes of the pre-cursor and post-cursor rays 
are related to the amplitude of the central ray of the cluster 
(i,0) by K-factors that are defined as: 
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The K-factors are fixed in the model as Kf = 10 dB 
and Kb = 14.2 dB. 
The summary of the used intra cluster time domain 
parameters for the conference room channel model is given 
in Tab. 2. 
 
Parameter Notation Value 
Pre-cursor rays K-factor Kf 10 dB 
Pre-cursor rays power decay time f 3.7 ns 
Pre-cursor arrival rate f 0.37 ns-1 
Pre-cursor rays amplitude 
distribution  Rayleigh 
Number of pre-cursor rays Nf 6 
Post-cursor rays K-factor Kb 14.2 dB 
Post-cursor rays power decay time b 4.5 ns 
Post-cursor arrival rate b 0.31 ns-1 
Post-cursor rays amplitude 
distribution  Rayleigh 
Number of post-cursor rays Nb 8 
Tab. 2. Summary of the intra cluster time domain parameters 
for the conference room channel model. 
9. Conclusion 
Design and standardization of 60 GHz WLAN sys-
tems require development of statistical channel models 
being able to reliably predict the propagation of the milli-
meter-wave signals in the interesting deployment sce-
narios. In this work, a statistical channel model for the 
indoor 60 GHz WLAN propagation channel in the office 
conference room environment is proposed. The channel 
model is designed to accurately predict the space-time 
channel characteristics with taking into account several 
properties especially important for 60 GHz WLANs de-
ployment and operation. Those properties include explicit 
modeling of the azimuth and elevation angles of departure 
and arrival for every ray of the channel realization, support 
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of any type of the directional antenna technology like non-
steerable antennas, sector-switched antennas, and adaptive 
antenna arrays, support of clustering of the 60 GHz indoor 
channel being a consequence of the quasi-optical propaga-
tion nature, and accurate prediction of the channel polari-
zation characteristics. 
To develop the channel model, a general mathemati-
cal structure required to represent all the needed model 
characteristics is introduced first. Then different aspects of 
the channel model are explained by presenting the corre-
sponding channel modeling methodology for each aspect 
and continuing with development of the related parameters 
for the conference room channel model. The bases for the 
conference room channel model development are the 
experimental measurements performed in the conference 
room environment [1], [2], and ray-tracing simulations 
done for the conference room scenario. 
The conference room channel model was recognized 
as meeting the 60 GHz WLAN development requirements 
and was accepted by the IEEE 802.11ad standardization 
committee for 60 GHz WLANs [4]. The proposed channel 
modeling methodology was reused for development of the 
channel models for two additional deployment scenarios – 
office cubicle environment and home living room [4], [6]. 
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